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Biomedical implants in the knee and hip are frequent failures because of corrosion and stress on the joints.
To solve this important problem, metal implants can be coated with diamond carbon, and this coating plays
a critical role in providing an increased resistance to implants toward corrosion. In this study, we have
employed diamond carbon coating over Ti-6Al-4V and Ti-13Nb-13Zr alloys using hot filament chemical
vapor deposition method which is well-established coating process that significantly improves the resistance
toward corrosion, wears and hardness. The diamond carbon-coated Ti-13Nb-13Zr alloy showed an in-
creased microhardness in the range of 850 HV. Electrochemical impedance spectroscopy and polarization
studies in SBF solution (simulated body fluid solution) were carried out to understand the in vitro behavior
of uncoated as well as coated titanium alloys. The experimental results showed that the corrosion resistance
of Ti-13Nb-13Zr alloy is relatively higher when compared with diamond carbon-coated Ti-6Al-4V alloys
due to the presence of b phase in the Ti-13Nb-13Zr alloy. Electrochemical impedance results showed that
the diamond carbon-coated alloys behave as an ideal capacitor in the body fluid solution. Moreover, the
stability in mechanical properties during the corrosion process was maintained for diamond carbon-coated
titanium alloys.
Keywords corrosion, diamond carbon, electrochemical impe-
dance, HFCVD, titanium alloys
1. Introduction
Orthopedic implants like hip and knee joint replacements
are important to clinicians. Before 2030, the enthusiasm of knee
and hip joint replacement system is foreseen to create by 674
and 172% independently, in the USA alone (Ref 1). Inferable
from these requests, the life hope of the implants is of vital
significance and anticipated that would serve for a more
extended period. Now, the industrial metallic materials are
utilized for the orthopedic implants (titanium alloys, Co-Cr
compounds and 316 L stainless steel-based combinations) and
fail within 16-24 years which thus prompts amendment
surgery. In 2030, knee and hip replacement update operation
would rely upon an increment of 135% and 600%, respectively.
Therefore, it is highly necessary to increase the corrosion and
mechanical properties of an implant by coating. If that
happened, the patient would stay away with unwanted pain
from the correction surgery (Ref 2-4).
The primary purpose behind the failure of implants is due to
the generation wear fragments and metal molecule release from
the bearing surface during the wear and corrosion process
which in turn induces osteolysis and results in aseptic
discharging of orthopedic implants (Ref 5). It is seen that
articulating movement of hip and knee replacement affects the
sliding contact in a corrosive biological environment, hence by
making the implant subjected to corrosion and wear resistance
simultaneously. It is essential to say that titanium alloys have
good corrosion resistance; however, under the stress and strain
effect, they show the corrosion rates (Ref 6). Yan et al. (Ref 7)
showed that 20-30% material loss in Co-Cr alloys was due to
the corrosion mechanism which is generally reacted in the hip
implant (femoral head).
a-b and near-b titanium alloys found the wide applications
in biomedical implants in both load bearing and non-load
bearing joints, due to their superior mechanical strength and
excellent biocompatibility (Ref 8). The titanium alloys utilized
as implants are reasonable because it is nontoxic and does not
allow any opposite reaction in the biological tissue (Ref 9). At
room temperature conditions, titanium combinations are clas-
sified as a, near a, a + b, metastable b and near b. Among the
various b combinations, near-b alloy Ti-13Nb-13Zr is found to
be more appropriate for implant work because of less elastic
modulus and contains the simple combination of the elements
such as Zr and Nb (Ref 10). Furthermore, Ti-6Al-4V was
mostly used for artificial bone joints replacements because of its
high hardness. Unlike chemical reactions, corrosion of the
metal implants results in the degradation of implants. Thus, the
degradation of implants due to corrosion may cause a local
inflammatory response, and it may lead to the following:
cessation of bone formation, synovitis and detachment of
artificial implants (Ref 11).
On the other hand, the low wear resistance of implants
induces the wear debris formation. There may be several
reactions to occur in tissues due to the small wear resistance
which leads to increase the possibility of implants failure. Thus,
the mechanical properties of implants are highly relevant, and it
depends on material volume and its surface characteristics (Ref
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12, 13). To prevent the corrosion of metallic implant and
improve the bioactivity, there is a need for proper surface
modification of metallic implants which can be achieved
through the deposition of various functional coating materials.
To promote the corrosion and wear resistance of implants, two
ways are usually followed, such as (1) ‘‘bulk alloying’’ and (2)
‘‘surface modification.’’ In this study, we have focused on
surface modification of implants to solve the aforementioned
problems for the biological implant applications (Ref 14).
There are various metal implant surface modification tech-
niques reported in the literature; among them, surface modi-
fication using ‘‘diamond carbon-coated’’ called DCC is found
to be an excellent method because of its good mechanical
properties (high hardness), chemical, biological inertness and
makes it suitable for biomedical implant application (Ref 15,
16). DCC has also shown promising outcomes as a hemocom-
patible material (Ref 17-19). Various studies reported that the
DCC is a biocompatible material which is a good alternative to
existing materials used in biomedical implants (Ref 20-22).
However, to the best of our knowledge, until now there are no
studies reported on the corrosion behavior of the DCC on
specifying an exact combination of titanium alloys.
In this work, Ti-6Al-4V and Ti-13Nb-13Zr alloys were
selected for the investigation. Ti-6Al-4V is a + b alloy type
which possesses excellent resistance toward corrosion and
provides a unique biocompatibility. Moreover, it is still under
the investigation because of the hazardous nature of vanadium.
Ti-13Nb-13Zr is near-b-type titanium alloy which has low
modulus and good biocompatibility, as well as approved by
Food and Drug Administration (FDA), USA. Besides, it was
found that the titanium compounds offer great grip diamond
(Ref 23). Hot filament chemical vapor deposition (HFCVD) is a
standout among the most generally perceived methods for the
deposition of diamond carbon on the different substrate and
furthermore easy to create uniform precious diamond carbon
coating over a large surface (Ref 24). In this present work, the
corrosion and the electrical impedance characteristics of DCC
on Ti-6Al-4V (ASTM grade 5) and Ti-13Nb-13Zr (ASTM
F1713-08) are examined in detail.
2. Materials and Methods
2.1 Sample Preparation
Initially, a test sample of titanium alloys of 2 mm thickness
was cut into regular square-shaped pieces (10 mm9 10 mm).
The cut pieces were grounded using silicon carbide paper with
the range of 200-1600# grits and polished with the use of
diamond paste (0.4 microns). The polished samples were
placed in an ultrasonicator and cleaned with ethanol followed
by the HNO3 (nitric acid) treatment for 5 min to remove the
oxide layer present over the substrate (titanium alloys).
2.2 Deposition System
Before diamond deposition, the substrates were seeded with
diamond nanoparticle ( 6 nm diameter), dispersed in di-
methyl sulfoxide (DMSO), using ultrasonicator for 30 min. The
titanium substrates again cleaned with ethanol in an ultrason-
icator for 2 min. The samples were placed in the cold walled
aluminum chamber of HFCVD systems (SP3 diamond tech-
nology, USA). An array of parallel wires of (0.12 mm)
diameter filaments with 12-mm wire-to-wire spacing and
standoff distance 19 mm was placed above the samples. The
HFCVD chamber pressure was controlled using throttle valve
connected to the rotary pump. Flow rates of the precursor gases
such as CH4 (45 sccm) and H2 (2250 sccm) were maintained by
mass flow controller in the range of 10-90% accuracy (MKS
Instrument, USA). The chamber pressure during the deposition
was set to 10 Torr and controlled by a throttle valve connected
to a rotary pump. A two-color optical pyrometer was used to
monitor the tungsten filament temperature ( 2200 C). The
substrates temperature was measured using K-type thermocou-
ple located at the bottom of the titanium substrates. The
substrates were found to be 800 C. The whole deposition
process was performed for 2 h, and the coating thickness of the
film estimated to be 1 lm (Ref 25).
2.3 Characterization Technique
The surface morphological experiments were carried out
using field emission scanning electron microscopy (FESEM)
supplied by Carl Zeiss, Germany supra 40VP FESEM. Buehler
micro-Vickerss hardness tester was used to measure the
microhardness of the substrate. Nd: YAG laser source with
the wavelength of 532 nm used for Raman analysis supplied by
LABRUM 010, UK. The topographical study was carried out
using atomic force microscopy (AFM) with Easy scan2
supplied by Nanosurf, Switzerland.
2.4 Electrochemical Measurement
CHI604D electrochemical workstation provided by CH
Instruments, USA, was used for electrochemical studies on
substrates and coated samples. The chemical composition of
SBF is tabulated in Table 1. The pH of SBF solution (7.2-7.5)
was balanced by one molar hydrochloric acid solution. The test
was carried out in 400 ml of SBF solution at 36± 1 C. The
substrate was used as the working electrode; and the counter
electrodes are platinum foil and saturated calomel electrode
(SCE), respectively. A luggin capillary was connected to SCE
electrode, and the capillary tip was placed very close to the
working electrode surface. The samples were immersed in the
Hanks solution for an hour to create the open circuit potential
(OCP) or steady-state potential. The electrochemical impedance
spectroscopy (EIS) for the sample (Ti alloys) was tested within
the frequency range between 100 kHz and 10 MHz. 10 mV of
AC (alternating current) was applied on open circuit potential.
Nyquist and Bode plots were obtained from the impedance data
for each test. After EIS measurements, the system was
permitted to achieve open circuit potential (OCP); then the
Table 1 SBF preparation
Order Reagent Amount, g
1. CaCl2 0.185
2. KCl 0.4
3. KH2PO4 0.06
4. MgCl2Æ6H2O 0.1
5. MgSO4Æ7H2O 0.1
6. NaCl2 8
7. NaHCO3 0.35
8. Na2HPO4 0.48
9 D-Glucose 1
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electrode was linearly polarized from an initial potential of
200 mV below the OCP value to 200 mV on the positive side
at one mV/s of scan rate. The measured current and potential
data were used to plot Tafel plots. Tafel plots are drawn
between potential and log (i) plot. Therefore, with the help of
the Tafel plot, Ecorr—(the corrosion potential) and Icorr—(the
corrosion current) were concluded. Stern–Geary equation (Ref
26, 27) is used to determine corrosion current.
Icorr ¼ ba bcð Þ=2:3Rp baþ bcð Þ ðEq 1Þ
where ba and bc—slopes of the anodic and cathodic parts of
the Tafel Plot, Rp—polarization resistance.
3. Results and Discussion
3.1 Raman Analysis
The DCC is the combination of sp3 and sp2 hybridized
bonds. The tribological outcome of DCC coating combination
strongly depends on a function of bonding ratio, i.e., sp2/sp3.
This bonding ratio is characterized using Raman spectroscopy
in which relative peaks of D and G of ID/IG play a vital role in
Raman studies (Ref 28, 29). Thus, in determining the quality of
diamond carbon-coated surface, the bonding ratio (sp3/sp2) is
considered to be the predominant factor. The Raman spectra
were recorded in the wave number ranging from 1000 to
1800 cm1. Micro-Raman spectra of DCC coatings consist of
disorder (D) and graphite (G) peaks. From Fig. 1 the peak at
1319 cm1 is attributed to diamond and peak at 1476 cm1
belongs to single graphite. The G band centered around 1450-
1700 cm1 which relates to sp2 characteristics of graphite-like
materials. On the other hand, D band centered around 1200-
1400 cm1 relates to sp2 graphite bond angle disorder which
may occur due to breathing mode of a sp3 carbon atom, and
also the crystalline size in sp2 domains (Ref 30).
The intensity ratio of D and G (ID/IG) is a parameter of
relative quantities of sp3/sp2 bonds. The intensity ratio ID/IG
was calculated, and it was found to be 1.397 for diamond
carbon-coated Ti-13Nb-13Zr alloy and 1.131 for diamond
carbon-coated Ti-6Al-4V alloy. These results demonstrate that
the intensity ratio of the Ti-13Nb-13Zr alloy is higher than that
of Ti-6Al-4V. Increased ID/IG ratio is due to the increased
amount of sp3 bond in the coated substrate (Ref 30). Thus, the
surface becomes smoother when an exchange of graphite film
frames on the counter surface. The smaller increase in the ID/IG
ratio enhances the graphitization of the coated material. Hence,
the surface becomes smoother when a transfer of graphite film
forms on the counter surface.
3.2 Surface Morphology
The FESEM image of diamond carbon-coated Ti-6Al-4V
and Ti-13Nb-13Zr substrates is shown in Fig. 2. From the
FESEM micrograph, continuous and well-faceted diamond
carbon crystals are identified. The calculated particle sizes of
the DCC on the Ti-6Al-4V and Ti-13Nb-13Zr alloys are 250
and 80 nm, respectively. The larger grain size of the Ti-
13Nb-13Zr alloy was attributed to the great seeding of diamond
on the b phase. The enhanced subsequent growth of diamond
on the b phase Ti-13Nb-13Zr metal results in bulk grain size.
However, a-b titanium alloy has a different atom arrangement
in the crystal plane such as hcc (a) and bcc (b) structure. The
nucleation rate of the diamond carbon-coated a-b titanium alloy
is very less, and hence, the growth factor is predicted to be
hidden (Ref 31).
Atomic force microscopy (AFM) was used to analyze the
surface topography of the diamond carbon-coated titanium
alloys (Ti-6Al-4V and Ti-13Nb-13Zr), and the images are
shown in Fig. 3. It is observed from the analysis that the DCC-
coated Ti-6Al-4V alloy showed an estimated surface roughness
(Ra) of 157 nm and root mean square (RMS) value of 598 nm.
Similarly, DCC Ti-13Nb-13Zr alloy showed the Ra and RMS
as 136 nm and 1114 nm, respectively. The surface roughness
value of the diamond carbon-coated near-b titanium alloy is
superior to that of the a-b titanium alloy. Hence, the larger
grain size is assigned to diamond carbon-coated near-b titanium
alloy (Ref 32).
Figure 4 shows the microhardness of the coated and
uncoated titanium alloys samples (Ti-6Al-4V and Ti-13Nb-
13Zr) at different applied loads (500, 1000, 1500 and 2000 gf).
It is noticed that the diamond carbon-coated Ti-6Al-4V and Ti-
13Nb-13Zr alloys showed greater hardness when compared to
uncoated alloys (Ti-6Al-4V and Ti-13Nb-13Zr). The surface
hardness of diamond carbon-coated Ti-13Nb-13Zr alloys is
found to be relatively higher when compared to the Ti-6Al-4V
alloy. It is clear that the hardness of DCC titanium alloys
depends on the crystallinity and coating thickness (Ref 33). The
increase in hardness of DCC near b titanium alloys enhances
the wear properties of the implants.
3.3 In vitro Electrochemical Studies
To understand the corrosion behavior of diamond carbon
coatings over Ti-6Al-4V and Ti-13Nb-13Zr, electrochemical
studies were conducted. The potentiodynamic polarization
curves obtained for the bare substrates and diamond carbon-
coated substrates in simulated body fluids solution (SBF) are
presented in Fig. 5. Using Eq. 1, the corrosion current (Icorr)
density obtained by extrapolating the cathodic and anodic
branches of polarization curves (Ref 34). Table 2 gives the
corrosion current densities and corrosion potential (Ecorr) for
different substrates used in the present study. The corrosion
current density (Icorr) is 4.59 10
8 lA/cm2 for the Ti-6Al-4V
substrate and 7.419 109 lA/cm2 for diamond carbon-de-
Fig. 1 Raman spectra of diamond carbon-coated Ti-6Al-4V and Ti-
13Nb-13Zr substrates
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posited Ti-6Al-4V. The corrosion current density is
3.099 108 lA/cm2 for Ti-13Nb-13Zr substrate and
3.809 109 lA/cm2 for DCC Ti-13Nb-13Zr alloy. Hence,
the corrosion resistance of the substrates increased gradually
after surface modification.
The Ecorr value of diamond carbon-coated Ti-6Al-4V alloys
tends to active region with the value of  0.168 V compared to
bare substrate  0.057 V. On the other hand, diamond carbon-
coated Ti-13Nb-13Zr showed more noble value ( 0.210 V)
when compared to bare substrate ( 0.273 V). This behavior
could be due to the difference in formation of coating on
different substrate materials. The results of electrochemical
impedance test in Hanks solution are presented Fig. 6(a) and
(b) in the form of Bode plots and Fig. 6(c) in the form of
Nyquist plots. For Ti-6Al-4V substrate (see Fig. 6a), the phase
angle changes from  25 to  10 in high frequency range
(10-100 kHz). At low frequency range from 0.1 to 100 Hz, the
phase angle around  78 was remained as nearly constant
(< 90) which is valuable for an ideal capacitor. At 0.1-
0.01 Hz (very low frequencies), the phase angle gradually
changed to  60. On the other hand, for Ti-13Nb-13Zr
substrate [see Fig. 6(a)], the phase angle varies rapidly between
 40 and  10 in the frequency range from 10 to 100 kHz.
At low frequency range between 0.01 and 100 Hz, the phase
angle around  82 was remained as nearly constant. A linear
relationship for log |z| and log f is obtained with a slope close to
Fig. 2 SEM images of diamond carbon-coated metal alloys (a) Ti-6Al-4V and (b) Ti-13Nb-13Zr
Fig. 3 Surface topography obtained from AFM for diamond carbon-coated alloys (a) Ti-6Al-4V and (b) Ti-13Nb-13Zr
Fig. 4 Microhardness of diamond carbon-coated and uncoated tita-
nium (Ti-6Al-4V and Ti-13Nb-13Zr) alloys
Fig. 5 Potentiodynamic polarization curves for diamond carbon-
coated and uncoated titanium (Ti-6Al-4V and Ti-13Nb-13Zr) alloys
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one in the same frequency range in Fig. 6(b). In Fig. 6(a), for
Ti-6Al-4V diamond carbon-coated samples, the phase angle
rapidly changes from  10 to  75 in the high frequency
range (100 Hz to 100 kHz). Between 100 and 1 Hz frequency
range, a sudden fall in the phase angle to  40 is noticed. In
the case of Ti-13Nb- 13Zr diamond carbon-coated samples, the
phase angle changes from  20 to  60 in the high
frequency range (100 Hz to 100 kHz). Between 100 and
1 Hz frequency range, a sudden fall in the phase angle to  40
is noticed. In the very low frequency range between 1 and
0.01 Hz, the phase angle increases rapidly to  70. The
Nyquist plots of DCC samples in Fig. 6(c) showed a larger
diameter at higher frequencies when compared to uncoated
substrates.
The electrochemical equivalent circuit (EEC) model which
is used to fit the EIS (electrochemical impedance spectroscopy)
data for pure DCC substrate and uncoated substrate as shown in
Fig. 7. The EEC consists of resistances and CPE (constant
phase element). This CPE is used to change in the relaxation
times as a result of different degrees of surface inhomogeneity.
The impedance with the capacitance can be defined as
ZCPE = [Q (jx
n)]1, where Q, j, x and n are the pseudo-
capacitance or non-ideal capacitance, imaginary function
( 1), angular frequency and the deviation from the ideal
behavior of a pure capacitor, respectively. When n = 1, the
system behaves like a pure capacitor and Q = C, where C is
capacitance (Ref 35, 36). In the EEC the resistive component Rs
represents the solution resistance. R1 and R2 represent outer and
inner layer resistances, respectively. Q1 and Q2 represent the
capacitance of the outer layer and inner layer, respectively. The
parameters Q1 and R1 represent properties of the porous
film/solution interface, i.e., the charge transfer resistance and
double layer capacitance. Table 3 gives the electrical parameter
values obtained by fitting the EIS data for the substrate and
DCC-coated samples. From Table 3, uncoated substrate (Ti-
6Al-4V and Ti-13Nb-13Zr) of the inner oxide layer corrosion
resistance R2 is 2.77 9 10
6 and 6.98 9 106X cm2, respectively.
The substrate (Ti-6Al-4VTi-6Al-4V and Ti-13Nb-13Zr) outer
porous layer resistance is 106 and 90X cm2, respectively. The
CPE value of n1 outer layer substrate is 0.78 and 0.93 (Ti-6Al-
4V and Ti-13Nb-13Zr), and the inner layer n2 substrate is 0.91
and 0.90 (Ti-6Al-4V and Ti-13Nb-13Zr). The non-ideal value
for the CPE value of n1 outer layer DCC is 0.78 and 0.73 (Ti-
6Al-4V and Ti-13Nb-13Zr), and inner layer n2 DCC is 0.90 and
0.92 (Ti-6Al-4V and Ti-13Nb-13Zr) which is very close to
unity when compared to the uncoated titanium alloys. The
results indicate that protection provided by passive layer is
predominately due to the barrier layer (Ref 36). Hence, the
diamond carbon-coated titanium alloys are observed to be a
Table 2 Potentiodynamic polarization results of substrate and coated samples
S. no Sample Ecorr, V Icorr, lA/cm
2
1. Ti-6Al-4V substrate  0.057 4.579 108
2. Ti-6Al-4V diamond carbon-coated  0.168 7.419 109
3. Ti-13Nb-13Zr substrate  0.273 3.099 108
4. Ti-13Nb-13Zr diamond carbon-coated  0.210 3.809 109
Fig. 6 Bode plots obtained in Hanks solution: (a) phase, (b) mag-
nitude and (c) Nyquist plots of coated and uncoated substrates
Fig. 7 Equivalent circuit (EC) diagram used for fitting EIS data of
the substrate and diamond carbon-coated samples
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good choice due to its better electrochemical reactions,
enhanced surface hardness and corrosion resistance properties.
4. Conclusion
Diamond carbon has been deposited on Ti-13Nb-13Zr and
Ti-6Al-4V biomedical alloy by HFCVD method. The FESEM
results show that diamond carbon-coated Ti-13Nb-13Zr particle
size is greater than the diamond carbon-coated Ti-6Al-4V
sample. Raman studies confirmed the formation of diamond
carbon crystal coatings. The surface hardness of the diamond
carbon-coated Ti-13Nb-13Zr alloy is higher than the diamond
carbon-coated Ti-6Al-4 V alloy, which leads to improved
mechanical properties of the implants. Potentiodynamic polar-
ization studies showed that the corrosion resistance of diamond
carbon-coated Ti-13Nb-13Zr alloy is better than the bare Ti-
6Al-4V. Electrochemical impedance studies in SBF solution
showed that diamond carbon-coated samples behave like a
near-ideal capacitor with better passivation behavior than the
bare substrates. The polarization resistance and corrosion
current density of the diamond carbon-coated Ti-13Nb-13Zr
alloy is relatively higher when compared to the diamond
carbon-coated Ti-6Al-4V substrate. Hence, diamond carbon-
coated Ti-13Nb-13Zr alloy helps in improving the corrosion
and mechanical properties. Therefore, diamond carbon-coated
near-b titanium alloy provides higher corrosion protection and
also offers good mechanical properties than that of the diamond
carbon-coated Ti-6Al-4V alloy, which can be used for biomed-
ical implant applications.
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